For motion-adaptive video retiming methods, the quest to lower the implementation complexity and improve the quality of motion estimation algorithms still continues. Comparing different motion estimators (MEs) and/or fine-tuning ME parameters is a time-consuming task, and it is even more demanding to identify the MEs with a robust performance among all the well-performing MEs. Therefore, a computer-aided design methodology is required to effectively explore the large design space. Such a methodology requires objective performance metrics. As it is hard to find perfect metrics, we present a design methodology that can use suboptimal measures and still identify robust MEs. The proposed methodology is demonstrated using two different MEs.
Introduction
Retiming video sequences requires vectors describing the local motion between consecutive images in a video sequence.
These vectors are typically obtained by performing motion estimation. Improving the quality of the motion estimation algorithm and lowering the implementation complexity are important factors in the design of a motion estimator (ME).
Comparing different motion estimators (MEs) with each other and/or fine-tuning their parameters is often a timeconsuming and complex task. Even more demanding, and yet one of the most important objectives in practice, is to identify robust MEs in terms of a good average performance with a rather small performance variation for different challenges. For the application of retiming, metrics have been developed to assess the performance of a ME, e.g [1, 2] . However, despite all the developed performance measures, the metrics still do not perfectly correspond to the quality that is perceived by human observers. Thus, it is required that the ME design methodology can deal with suboptimal metrics and still identify robust MEs in an automated manner.
In this paper, the proposed methodology has been successfully applied to two different ME types: Recursive Search block matching (RS) and Phase Plane Correlation (PPC). Both are relevant motion estimators for the application of retiming and are commercially available in products (others could have been chosen as well). Spatiotemporal prediction methods such as RS, e.g. [3, 1, 4] , are applied in practice (e.g. [5, 6] ), and so are alternatives based on PPC [7, 8] .
In Section 2, we introduce the proposed design methodology where the test data selection, the performance measures and the identification of robust ME settings are addressed. The design methodology is applied in Section 3 to both a RS approach and PPC. Section 4 discusses the validation of the proposed methodology regarding suboptimal performance measures and robustness, and provides a benchmark with other techniques. Section 5 summarizes our conclusions.
Design Methodology
In order to automatically identify parameter settings of robust MEs for retiming video sequences, we present a methodology that can successfully deal with performance measures that are suboptimal in the sense that they do not fully reflect the perceived video quality. A three-step approach is suggested where, firstly, the variety of conditions under which the MEs should perform well is defined and appropriate test data is selected. Secondly, a contour line or trade-off curve illustrates the achieved compromise between the motion vector prediction accuracy and consistency. Thirdly, an attractive segment is identified containing all MEs within a defined distance from an attractive section of the contour line. Histogram analysis provides the distribution of MEs within the attractive segment to identify the parameter settings of the MEs that are least sensitive to varying settings and thus most robust.
The variety of performance conditions is addressed in Section 2.1. Section 2.2 discusses the trade-off curve of useful metrics for the application of retiming and the methodology's effectiveness in dealing with potentially suboptimal measures. Among the well-performing MEs, robust MEs and their parameter settings are identified in Figure 1 : Test sequences used for the quantitative evaluation. Note that the bottom row is reused for still images and de-interlacing with a typical deinterlacer, e.g. [9] . Section 2.3.
Test Data Selection
A ME should perform well under all considered conditions for the retiming application.
These conditions are included in the test data which should address ME challenges such as repetitive structures, small objects, subtitles and ticker tapes, several layers with different motion, de-interlaced images with typical de-interlacers of average quality (e.g. [9] ), large motion, and occlusion areas.
To ensure a satisfactory performance with less challenging test material, also fairly straightforward sequences for ME should be included, as well as a repeated still image. The test data were selected according to these criteria. A snapshot of each Full-HD test sequence is shown in Fig. 1 .
We expect a well-performing ME to have a good average performance for all challenges. For individual challenges, we acknowledge that other ME parameter settings may render a better result, however, the objective in the ME design for retiming video sequences remains a good overall performance. Therefore, the average performance over all test sequences is compared.
Performance Measures
Two fundamental characteristics are recognized as the basis of ME design: The brightness constancy assumption when the true motion is found and the smoothness constraints to enforce consistent motion fields within a moving object. The trade-off between smoothness terms and brightness constancy in the form of luminance comparisons has already become apparent in the early optical flow implementations [10] . It is also recognized in [1] and [2] , that accurate predictions at a highest possible consistency are necessary for a satisfactory viewing experience. Relevant metrics addressing the prediction accuracy, temporal continuity and spatial consistency of the motion vectors are documented in [1] and [2] . The prediction accuracy and temporal continuity are quantitatively assessed with the 'M2SE' [2] ,
and the spatial inconsistency measure 'SI' based on [2] ,
where n h and n w are the image height and width in pixels, respectively, W is the set of all the pixels in the entire image, F o ( x, n) the luminance of the original image at position x and at the temporal position n. F i is the motion compensated average of frames n−1 and n+1 by applying the vectors estimated for frame n, x b the position of the block b among the set of all the blocks W b in the entire image, N b the number of blocks in an image and
where d x and d y are the computed motion vectors. Different block sizes in the SI metric, e.g. 8x8-pixel blocks vs. 1x1-pixel blocks, return different results due to the metric bias towards MEs with larger blocks than employed in the metric, thus appropriate block dimensions should be chosen for the set of MEs one would like to compare.
The M2SE measures how well the interpolation result corresponds to true motion using temporally extrapolated motion vectors, whereas the SI indicates the spatial smoothness of the computed motion field. The motion field and interpolated images are evaluated after performing ME on the second image of the input sequence since the pixels from a previous image are included in the M2SE computation. The corresponding PSNR is calculated from the M2SE: PSNR(n) = 10 · log 10 ((2 NB − 1) 2 /M2SE(n)), where NB is the number of bits used for representing the video data.
Since both a high PSNR as well as a consistent motion field are characteristics of a good ME, the PSNR -Consistency plot as shown in Fig. 2 is introduced as a means to capture the achieved PSNR performance in relation to the consistency of the motion field. The inverse mean of the PSNR and the mean inconsistency values (SI) are plotted by computing the average performance of all parameter setting combinations with regard to the different test sequences. The optimal ME with a high PSNR and a low inconsistency is located in the bottom left corner. We call a ME which is not surpassed by any other ME in both regards (consistency and PSNR) an 'optimal' ME. This set of optimal MEs lies on the 'contour line' or 'tradeoff curve' as described in [11] and the range of best MEs is found close to this line. The blue contour line in Fig Slightly different metrics than the ones suggested here are developed and employed in other research work, e.g. [1] . It is apparent that these metrics share the same emphasis on prediction accuracy, temporal continuity and spatial motion field consistency. However, these features can be represented in different ways, particularly since the quest for the optimal metric is yet unresolved. Due to the close similarity of the considered metrics, we expect that the MEs on the contour lines obtained with different metrics may be different, but that their deviation from the location in one PSNR-Consistency plot compared to another PSNR-Consistency plot is minor.
Identification Of Robust Motion Estimator Settings
We have observed that not all MEs on the trade-off curve lead to visually pleasing retimed video sequences, e.g., zero motion field inconsistency at the left of the curve can be achieved with zero vectors, which basically reduce retiming to frame repetition resulting in perceived judder. Therefore, retimed sequences with MEs lying on the contour line are compared and the following related retiming benefits are observed from low to high PSNR.
• Better alignment of motion vectors with the edge of moving objects, resulting in reduced artifacts in occlusion regions
• Improved temporal consistency of the motion field, resulting in reduced flickering
• Higher convergence speed (for the steep part of the contour line)
Along the contour line, an improvement of the motion vectors regarding the object alignment (clearly better with an ME lying on the intersection of the horizontally dashed line and the contour line in Fig. 2 ) is visible which causes less occlusion artifacts than with MEs with a smaller PSNR. A turning point is perceived where the performance degrades with larger motion field inconsistencies, starting on the left of the vertically dashed line in Fig. 2 and continuing beyond the dashed line. The MEs in that area are perceived as worse due to slightly disturbing flickering artifacts. Beyond the vertically dashed line, the MEs become inacceptable. The relevance of the spatial inconsistency metric is confirmed since a high PSNR at the cost of consistency is not preferred.
Therefore, further analysis is limited to an attractive segment of MEs in the PSNR-Consistency trade-off plot. Firstly, an attractive contour line section is defined and secondly, in order to allow for potentially suboptimal metrics, a distance from the attractive contour line section is determined within which all the MEs are treated as equally optimal.
The interesting section of the contour line is limited to MEs with a good visual quality. However, due to metric inaccuracies, not a too narrow section of the contour line is chosen. An attractive section of the contour line is suggested where the SI limit is set to 8 as is indicated by the vertically dashed line in Fig. 2 and where a PSNR of at least 27.8 is required (see horizontally dashed line in Fig. 2) . A large improvement in visual quality is perceived with MEs within the attractive section compared to MEs outside the attractive section and among the MEs within the attractive section only slight performance differences are apparent. There the PSNR hardly increases and room for a rather large improvement in terms of consistency is given.
In order to allow for potentially suboptimal performance measures as discussed in Section 2.2, also the MEs within a particular distance from the contour lines should be investigated. The range of optimal MEs in the attractive segment is thus extended as shown with the red arrows and red dashed line in Fig. 2 . Among the MEs with a satisfactory performance, the distribution of the parameter settings is analyzed and their values compared in a histogram analysis where the (normalized) count for each parameter setting is saved. The most robust MEs are identified by high counts since a ME parameter setting that yields more often an optimal ME is preferred as it is assumed less sensitive to varying settings of other parameters. Therefore, the histogram of the parameter settings of a particular parameter is analyzed and among the high counts the one with the setting closest to their expectation value is selected.
Case Study On Motion Estimators
The methodology developed in Section 2 is applied to two different types of MEs. A block-based RS motion estimation method is used in Section 3.1 where a search is conducted for the most probable motion vectors obtained from the hierarchical-spatio-temporal neighborhood and random variations of few motion vector candidates. In Section 3.2 the same analysis is performed with a phase plane correlation (PPC) ME.
Recursive Search Motion Estimation
We investigate a hierarchical ME approach using resolution down-scaling, which we call multi-scale blockmatching ME. Using down-scaling, the coarser motion vectors are obtained from block-matching at a lower spatial resolution and can be successively refined at higher resolutions. We will combine the multi-scale approach with a hierarchical ME method known as multi-grid block-matching [12] . In this method, a coarse motion vector is first found using a large block size and this vector is successively refined for the smaller blocks into which the larger blocks are decomposed (using a quad-tree decomposition). By combining the multiscale and multi-grid approaches, we aim at reducing the computational complexity and are flexible in investigating the effects of using different block sizes and scale factors.
The multi-scale and multi-grid approach are illustrated by the scale pyramid shown in Fig. 3 , where ME is performed on higher scales at the top of the pyramid first and motion vectors are propagated down the pyramid to the lower scales by means of hierarchical candidates.
The block-matching method we apply is the RS ME of [2] . In contrast to the usual RS candidate structure of [2] , the temporal candidate is closer to the current block for all the hierarchical approaches because, for coarse scales, the temporal candidate may come to lie outside the object in which the current block is located.
The PSNR-Consistency plot and the contour line of the optimal RS MEs are given in Fig. 4 and Fig. 5 . Note that the SI measure is computed based on 8x8-pixel blocks. The MEs within the attractive segment are shown in Fig. 6 . Based on the parameter histogram analysis, which is elaborately discussed in [13] , 62 multi-scale MEs have been identified out of the 1745 MEs in the attractive segment (see Fig. 6 ). An overview of the proposed parameter settings of this ME type is given in Table 1 where block settings and performance are rendered. The first row of Table 3 shows the mean performance for the 62 robust MEs. From the expectation value of the block dimension distributions of the 62 MEs we determined the proposed ME settings given in the second row. The resulting ME happens to coincide with Opt. ME 6 in Fig. 5 which was visually perceived as the most pleasing ME among the seven MEs on the contour line.
Phase Plane Correlation Motion Estimation
PPC was developed in the '80s [7] and is employed in state-of-the-art products [8] . Instead of obtaining motion vector candidates from a spatio-temporal neighborhood as in RS, PPC retrieves the motion vectors by performing phase correlation in the Fourier domain between spatially corresponding blocks from consecutive images.
A correlation plane of displacement peaks is returned of which a subset is used as motion vector candidates in a consequent block matching operation on smaller blocks. Among the most dominant peaks in the obtained displacement field, the peak yielding the minimal match error between the motion compensated and the original smaller blocks is selected.
We implemented PPC-based MEs based on [7] (which may not reflect current product implementations) with the parameter variations as given in Table 2 . In total, 1800 ME parameter combinations are investigated. Initially, a two-dimensional Fourier transform is performed on the larger blocks with dimensions m l xm l .
The n p most dominant displacement peaks are considered motion candidates for the smaller blocks with dimensions m s xm s . Another parameter is the block step size s b based on which the pixel locations of the next m l xm l block are selected for the next FFT operation. The values for s b are set in the range between the largest m s setting (16) and the current m l dimension. The displacement of the larger blocks can be determined with pixel or sub-pixel accuracy. The binary variable a s indicates a sub-pixel accuracy of 0.25 pixels when a s = 1 and pixel accuracy when a s = 0.
The contour line (with the 8x8 block-based SI measure) of the PPC MEs, the overall PSNR-Consistency plot, and the attractive segment of optimal MEs are given in Fig.  5 , Fig. 7 and Fig. 8 .
The histogram analysis is conducted for all parameters in Table 2 . Among the 54 MEs within the attractive segment, we found that the block dimensions of both the larger and smaller blocks converge to m l = 128 and m s = 16. This is expected since large m l dimensions are necessary to capture larger movements. Taking 16x16 blocks to perform block matching on the candidate peaks is already proven in the RS study to be a suitable value when we are dealing with HD sequences. The robust number of candidate peaks n p is determined to be n p = 13. Largely overlapping blocks are favored with a block step size tending to s b = 32. Sub-pixel accuracy is PPC Opt. ME 1 PPC Opt. ME 2 PPC Opt. ME 3 PPC Opt. ME 4 PPC Proposed ME RS Opt. ME 1 RS Opt. ME 2 RS Opt. ME 3 RS Opt. ME 4 RS Opt. ME 5 RS Opt. ME 6 RS Opt. ME 7 PPC Opt. ME 1 PPC Opt. ME 2 PPC Opt. ME 3 PPC Opt. ME 4 PPC Proposed ME 
Discussion and Results
The proposed methodology can be applied to find robust ME settings within one ME type. When the location of the determined ME in the PSNR-Consistency tradeoff graph is found, it can be compared with the location of another robust ME of a different ME type in terms of PSNR and SI performance. When the two MEs are situated sufficiently far apart (in order to avoid the effect of metric inaccuracies) a conclusive comparison is provided by the proposed PSNR-Consistency trade-off graph as is the case for e.g. the RS and the PPC MEs in Fig. 5 .
We claim that the proposed methodology can find a robust ME even with suboptimal performance measures. The SI metric is evidently suboptimal in the sense that the SI output is dependent on the selected block dimension, thus the 8x8 block-based SI measure is not comparable with the Sequence SI distance 1x1 pixel-based SI measure. For the case of PPC, we have added a pixel-based SI evaluation (see Fig. 9 ), where a motion vector is assigned to each pixel in the image instead of validating the SI performance on only 8x8-pixel motion vector blocks. The range of well-performing MEs was chosen such that approximately the same number of MEs ended up in the attractive segment. When comparing the 8x8 block based SI with the pixel-based SI, we found that different MEs are returned in the attractive segment. 22% of the MEs in the attractive segment of the RS approach are not present in the attractive segment of the PPC method. Nevertheless, the histogram analysis reveals that the same ME is proposed in the case of the pixel-based SI. When observing the location of the proposed ME in Fig. 9 and Fig. 5 , it is apparent that the proposed ME is located halfway between Opt. ME 3 and Opt. ME 4 in Fig. 9 , whereas in Fig. 5 , the same ME is located closer to Opt. ME 3, which underlines the incongruent output of the two SI metrics.
The performance of the proposed ME is analyzed and compared to other MEs within the attractive segment to determine the robustness of the chosen parameter settings. A robust ME is expected not to perform badly on any of the test sequences. Therefore, the PSNR and SI distance to the contour line are displayed in Fig. 10, Fig. 11 , Fig.  12 , and Fig. 13 , where the proposed ME is plotted against the best MEs (in either PSNR or SI) for each sequence. For the case of the RS ME, only one ME (highlighted in black in Fig. 10 and Fig. 11 ) reveals on average smaller distances in both PSNR and SI. However, its SI distance from the contour line for the 'WalkingMan' test sequence (sequence 7 in Fig. 11 ) shown in the middle snapshot of the first row in Fig. 1 is clearly larger than the SI distance of the proposed ME. Hence, the proposed ME is not surpassed in robustness by any of the best MEs per test sequence. For PPC, there are three MEs with a smaller average distance in both PSNR and SI (highlighted in green, blue and black). The highest distance peaks of the three MEs are in the neighborhood of the highest distance peak of the proposed ME, indicating that the best MEs are suffering from similar performance disturbances. Future work should evaluate how the proposed ME performs compared to other metrics and other test sequences in order to come to a concluding validation of the proposed methodology.
To further confirm that the proposed methodology returns well-performing MEs which can compete with other techniques, a benchmark is provided in Table 3 . An overview is given of the SI and M2SE-PSNR values of the investigated recursive-search MEs as well as the benchmark results from several methods described in literature implemented by us. These include full-search (FS) and reduced-search pattern based methods, i.e. three-step-search (TSS) [16] , one-at-a-time-search search (OTS) [17] , diamond search (DS) [18] and hexagonbased-search (HEXBS) [19] , as well as algorithms based on spatio-temporal predictors, i.e. the predictive (zonal) search methods MVFAST [20] and EPZS [21] , the RS methods 3DRS [3] , HRNM [14] and TCSBP [1] , and combined hierarchical-predictive methods, i.e. the MRSTmethod proposed in [22] and MPMVP from [4] . Note that the M2SE-PSNR metric favors 'true' motion, i.e. MEs with a better vector field consistency can outperform a full-search method. Furthermore, all methods from literature were adapted and tested with smaller block dimensions (e.g. 8x8), however, no improvement in PSNR and SI was observed.
The benchmark shows that the proposed hierarchical RS ME is outperformed solely by the sophisticated HRNM ME which employs 3-picture estimates. We conclude from these results that the proposed methodology does yield superior performing MEs among the thousands of ME parameter combinations.
Conclusion
In order to automatically identify parameter settings of robust MEs for retiming video sequences, a methodology is presented that can successfully deal with slightly suboptimal performance measures. A three-step approach is suggested where, firstly, the variety of conditions under which the MEs should perform well is defined and appropriate test data is selected. Secondly, the PSNRConsistency trade-off curve marks the contour line which illustrates the achieved compromise between prediction accuracy and consistent motion vector fields. Thirdly, an attractive segment is identified which is limited to all the MEs within a defined distance from an attractive section of the contour line. Histogram analysis investigates the distribution of MEs within the attractive segment to identify the parameter settings of the MEs which are least sensitive to varying settings and thus most robust.
The developed methodology is discussed in two case studies where a design-space exploration is carried out for two different types of MEs. From 6600 hierarchical RS MEs and 1800 PPC MEs, the parameter settings of robust ME types are identified. A modification of the SI metric has returned the same parameter settings although the MEs in the attractive segment have differed by 22%, suggesting that the methodology can deal with different suboptimal performance measures. Regarding the robustness of the proposed MEs, the PSNR and SI distances from the contour lines for each sequence have been analyzed, from which it became evident that the proposed RS ME returns small average distances and is not less robust than the ME with the smallest average distances. The PPC MEs with smallest PSNR and/or SI distance per sequence suffer from similar performance disturbances as the proposed PPC ME. A conclusive validation of the methodology is needed in future work.
The methodology returns overall well-performing MEs as is shown in the benchmarking with various other techniques. A superior performance to multiple existing techniques with regard to combined PSNR/SI performance is observed.
